The effect of Brownian noise on Micro-Electro-Mechanical (MEMS)-based circuits has been calculated for MEMS-based circuits (phase shifters, delay circuits). The calculations are done for capacitive shunt MEMS switches and metal-to-metal contact series MEMS switches. The phase noise due to Brownian motion is negligible for MEMS switches with k 10 N/m, go > 2 ,tm, Q > 0.5, and fo 50 kHz. It is also found that metal-to-metal contact series switches result in much less phase noise than standard capacitive shunt switches. The phase noise increases rapidly for low springconstant bridges (k =0.2-4 N/m), low-height bridges, and for bridges with a large mechanical damping (Q < 0.3). Also, varactor-based designs result in 30-40 dB more phase noise than switch-based circuits. The paper proves that microwave passive circuits built using MEMS switches (with a proper mechanical design) can be used in most commercial and military applications without any phase noise penalty.
I. INTRODUCTION
Micro-electromechanical (MEMS) series and shunt switches have been recently used in many low-loss phase shifters circuits [1] , [2] , [3] , [4] , [5] , [6] . The MEMS phase shifters are typically implemented using standard PIN diode or FET switch designs, except that the switching element is replaced by a MEMS switch. MEMS switches result in 0.05-0.2 dB loss at 1-100 GHz, and therefore yield excellent performance up to 120 GHz. However, MEMS switches suffer from Brownian noise motion which is due to the thermal energy stored in the system. The Brownian noise results in a random change in the capacitance of the switch, which in turn, results in an additional phase and amplitude noise at the output of a MEMS controlled oscillator or phase shifter. The effect of the Brownian noise on oscillators has been derived and demonstrated by Young and Boser [7] and by Dec and Suyama [8] , [9] . The goal of this paper is to calculate the Brownian noise effect on phase shifters, and to determine the physical parameters which need to be controlled in the MEMS structure so as to result in very low additional noise.
II. REVIEW OF BROWNIAN NOISE
The Brownian noise of a mechanical structure with a spring constant, k, a damping factor, b, and a mechanical resonant frequency, wO, has been derived by Gabrielson [10] and is: 4kBTb (in N/ Hz) and is equivalent to the noise voltage from a resistor, R, v, = V4kBTR (in V/4Hz), with b replaced by R. The damping factor, b, is dependent on the height of the MEMS bridge, the number of holes in the bridge, and the viscosity of the suspending medium (air, nitrogen, etc.) [10] , [1 1] . The damping factor has also a strong effect on the switching time if the resulting mechanical Q is less than 0.5. In practice, it is good to design for a 0.5 > Q < 5 so as to result in a switching time which is limited by the mechanical characteristics (mass, spring constant, etc.) of the switch and not by the damping of the medium underneath the switch. It can be seen that switches with large spring constants and low damping coefficients result in very low Brownian noise. The Brownian noise of a MEMS bridge with k = 10 N/m, fo = 50 kHz, T = 300 K, and Q = 0.3,1,3, are plotted in Fig. 1 . If the spring constant is reduced to 1 N/m, the values on figure 1 will increase by 10 dB. It is seen that the low-frequency value ofthe Brownian noise is ofthe order of 10-14 m/<Hz for a standard MEMS bridge. The Brownian noise decreases very quickly after the mechanical resonant frequency and is insignificant after 5w0.
The Brownian noise can be represented as a summation of sinusoidal waveforms with random amplitude and phase. A single sinusoid with a mechanical frequency of w' and amplitude equal to the square root of noise power in a 1 Hz bandwidth around w', is written as:
III. BROWNIAN NOISE EFFECTS FOR MEMS SHUNT SWITCHES
Consider the MEMS shunt switch shown in Fig. 2 . The switch could be the standard capacitive shunt design developed by Raytheon with a center pull-down electrode [2] the DC-contact shunt switch with two pull-down electrodes developed by Muldavin et al [12] , and Feng et al. [13] . Alternatively, it could also be a low spring-constant switch (Pacheco et al. [4] ). What is important is that when the switch is in the up-state position, it allows the microwave energy to pass with very little insertion loss, and when the switch is in the down-state position, it presents a short circuit (or near short circuit) to ground and reflects all the incident energy at the design frequency. 
where is the operating frequency and Zo is the t-line impedance.
A. Phase noise:
The phase of S21 above is the phase delay due to the upstate capacitance of the MEMS switch, and is: (5: wcuzo 2
For Ctlo = 35-70 fF and f = 10 GHz, the phase delay is 0 = 0.055-0.11 rad. Using Eq. (4), the phase delay with 
dB).
There are a four points worth mentioning. The first is the effect of the spring constant on the phase noise (k-2). If the spring constant drops 1 N/m, the phase noise increases to -160 dBc/Hz for a single MEMS bridge. The second point is the strong dependence of the phase noise on the height of the MEMS structure. Eq. (10) shows that the phase noise depends on the factor b/gd2. However, for a fixed-fixed circular or rectangular plate, b depends on g-3 [14] , and therefore, the phase noise depends on gY-. If a structure with go = 3 ,um is lowered to go = 1.2 ,um, the phase noise will increase by 20 dB.
The third point is that the phase noise is constant at low offset frequencies, and falls quickly after the mechanical resonant frequency (30-300 kHz, depending on the design). However, for most radar applications with moving target indicators, the final frequencies of interests are in the 5-100 kHz range. Designing a MEMS structure with a low mechanical resonant frequency (5-20 kHz) will not necessarily result in better performance since this structure will generally have a low spring constant and result in a higher low-frequency phase noise. Also, the switching time will be substantially lower in this case.
Finally, Eq. (10) and Eq. (6) seem to indicate that the phase noise is dependent on f2. This is not entirely correct for narrowband systems. If a circuit is well designed, then o = (-wCtoZo)/2 should be chosen to be the same value at any operation frequency. In other words, Ctl0 at f = 60 GHz should be 6x smaller than Ctlo at 10 GHz. Therefore, the phase noise component is independent of the design frequency. 
IV. PHASE SHIFTERS BASED ON SHUNT SWITCHES
Phase shifters use a large number of MEMS switches. The Brownian noise of different shunt capacitive switches are not correlated, and therefore, it is easy to prove that phase noise power of multiple shunt switches is the sum of the phase noise powers resulting from each individual switch. This is the same for the total noise in a resistor network. If the MEMS switch is in the up-state position, it contributes a phase noise component to the output signal. However, ifthe MEMS switch is in the down-state position, it is fixed and does not contribute any phase noise.
Case 1: Switched-Network Designs: A switched network phase shifter requires 4 shunt switches per bit (Fig. 3a) , and the signal will always pass by two MEMS switches per bit, depending on the switch positions. For a 3-bit design, the output phase noise is 6 times higher than the phase noise of a single MEMS bridge. If the switched network is a simple transmission line, then it is possible to use 3 switches per bit [15] , and the phase noise will be 3-6 x higher than the phase noise of a single MEMS bridge, depending on the switch selection.
Case 2: Reflect-Line Designs: The phase noise of a reflect-line phase shifter depends on the switch selection.
In the case of a delay of 00, the first set of MEMS switches are pulled down and there is no added phase noise. In the case of the longest delay, the signal passes twice by several MEMS bridges. For a 2-bit design, the longest delay necessitates 3 MEMS bridges and the total phase noise is therefore 6 x higher than the phase noise of a single shunt switch.
Case 3: Reflect-Line with 3-dB Couplers: In this case, the input signal (the carrier) is divided into two parts, each with half of the power and phased 0/90°apart (Fig. 3b) [16] . The phase noise generated in each arm of the 3-dB coupler is the same as Case 2 above, but is referenced to half of the signal power. Also, the phase noise components from each arm of the 3-dB coupler do not add in phase at the output port, and therefore the total noise power from both arms is divided equally between the input and output ports. If the input port is well matched, then the output phase noise relative to the carrier is just half that of Case 2.
If several 3-dB couplers are connected in series to build, for example, a 4-bit phase shifter from two 2-bit phase shifters, then the phase noise at the output port will be the addition of the phase noise resulting from each of the 3-dB coupler/delay-line units. This holds true, of course, if the units are well matched to each other.
V. BROWNIAN NOISE IN MEMS SERIES SWITCHES
AND PHASE SHIFTERS MEMS series switches do not suffer from Brownian noise in the down-state position since the switch is fixed to the substrate. However, in the up-state position, and if used in a reflection-type phase shifter, MEMS series switches do result in a phase noise component. The reflection phase of a MEMS series switch is:
( 1 1) and when the value of Ctl and xJ in Eqs. (2, 4) are used, the phase noise relative to the carrier due to the reflection from the MEMS series switch becomes:
/Hz (12) Notice that Ctl = 2-6 fF in most DC-contact switches, and a = 2-3 since a large portion of the up-state capacitance of a MEMS series switch is due to the parasitic capacitance between the t-lines and not to the parallel-plate capacitance above the contact points. MEMS series switches are used in many different phase shifter designs, such as 1) switched t-lines [17] , 2) reflection type or 3) reflection type with 3-dB couplers. The switched t-line designs result in insignificant phase noise since the MEMS switches must be in the closed position to pass the energy in the different delay sections. Most MEMS series switches, even if based on cantilever designs, have k > 5 N/m and go > 1.5 ,m. The phase noise of a MEMS series switch (in reflection mode) is therefore 100-300 times less than that of a shunt capacitance switch (in transmission mode).
The effect of the acceleration noise, acoustic noise and bias voltage noise will also be presented at the conference. Also, we will present the effect of Brownian noise on MEMS varactors and their use in MEMS-based phase shifters.
